Staufen proteins are highly conserved dsRNA-binding proteins (dsRBPs) found in most bilateral animals 1 . Mammals contain two Staufen paralogs encoded by different loci. Stau1, expressed in most tissues, has a microtubule-binding domain, a dimerization domain and four conserved dsRNA-binding domains (dsRBDs), only two of which (dsRBDs 3 and 4) are necessary for dsRNA binding 2 . Within cells, Stau1 can make direct interactions both with itself and with Stau2, the more tissue-specific paralog 3 . Functionally, Staufen proteins are involved in multiple post-transcriptional regulatory processes. In flies, 3′ UTR-bound Staufen is required for proper localization and translational control of bicoid and prospero mRNAs during oogenesis 4,5 . In mammals, Stau1 has been implicated in mRNA transport to neuronal dendrites 6 , regulation of translation via physical interaction with the ribosome 7 , a form of translation-dependent mRNA degradation known as Staufen-mediated decay (SMD) [8] [9] [10] [11] , regulation of stress-granule homeostasis 12 , alternative splicing, nuclear export and translation of a gene containing 3′-UTR CUG-repeat expansions 13 . Although Stau1 is not essential for mammalian development, neurons lacking Stau1 have dendritic spine-morphogenesis defects in vitro, and knockout mice have locomotor-activity deficits 14 .
Staufen proteins are highly conserved dsRNA-binding proteins (dsRBPs) found in most bilateral animals 1 . Mammals contain two Staufen paralogs encoded by different loci. Stau1, expressed in most tissues, has a microtubule-binding domain, a dimerization domain and four conserved dsRNA-binding domains (dsRBDs), only two of which (dsRBDs 3 and 4) are necessary for dsRNA binding 2 . Within cells, Stau1 can make direct interactions both with itself and with Stau2, the more tissue-specific paralog 3 . Functionally, Staufen proteins are involved in multiple post-transcriptional regulatory processes. In flies, 3′ UTR-bound Staufen is required for proper localization and translational control of bicoid and prospero mRNAs during oogenesis 4, 5 . In mammals, Stau1 has been implicated in mRNA transport to neuronal dendrites 6 , regulation of translation via physical interaction with the ribosome 7 , a form of translation-dependent mRNA degradation known as Staufen-mediated decay (SMD) [8] [9] [10] [11] , regulation of stress-granule homeostasis 12 , alternative splicing, nuclear export and translation of a gene containing 3′-UTR CUG-repeat expansions 13 . Although Stau1 is not essential for mammalian development, neurons lacking Stau1 have dendritic spine-morphogenesis defects in vitro, and knockout mice have locomotor-activity deficits 14 .
Crucial for the understanding of how Stau1 regulates gene expression is comprehensive knowledge of its intracellular RNA-binding sites. Although mammalian Stau1-and Drosophila Staufen-associated mRNAs were identified by microarray analysis after native RNA immunoprecipitation (RIP) [15] [16] [17] [18] , those studies were unable to directly map any individual Stau1-binding site, and subsequent bioinformatics analysis yielded no clear consensus for identified mammalian targets 16 . Thus, with the exception of a few well-characterized binding sites validated by mutagenesis 19, 20 , the exact target sites and RNA structures recognized by mammalian Stau1 remain to be determined. To address this, we here undertook a tandem affinity purification strategy (RIPiT 21 ) to map Stau1-binding sites transcriptome wide in human tissue-cultured cells. We also knocked down and overexpressed Stau1 to measure functional consequences on target-mRNA levels and translation efficiency. Our results revealed a new role for Stau1 in regulating translation of GC-rich mRNAs by 'sensing' overall transcript secondary structure.
RESULTS

Transcriptome-wide mapping of Stau1-binding sites
Using the Flp-In system and a tetracycline promoter, we generated HEK293 cells that inducibly expressed a single Flag-tagged copy of either the Stau1 65-kDa spliced isoform (Stau1-WT) or a mutant version (Stau1-mut) containing point mutations in dsRBDs 3 and 4 known to disrupt binding to dsRNA 2 (Fig. 1a) . Consistently with its propensity to bind dsRNA through the sugar-phosphate backbone 22 and with a previous report suggesting poor UV-cross-linking ability 23 , we found that Stau1 cross-linked with very poor efficiency to poly(A) + RNA upon shortwave UV irradiation of living cells ( Supplementary  Fig. 1a) . Therefore we used a RIPiT approach wherein initial immunoprecipitation (IP) with anti-Flag antibody was followed by affinity elution with Flag peptide and then a second IP with a polyclonal antiStau1 antibody. RIPiT was performed under two different regimens: (i) To finely-map stable Stau1 footprints, we extensively digested samples with RNase I in between native anti-Flag and native anti-Stau1 IPs, generating 30-to 50-nt Stau1-bound RNA fragments (FOOT libraries; Fig. 1b and Supplementary Fig. 1c) . However, many of these short reads derived from Alu repeat elements (described below) and so were not uniquely mappable. Further, under native conditions, Stau1 can make new dsRNA associations after cell lysis (Supplementary Fig. 1b). (ii) Therefore, we also subjected cells to formaldehyde cross-linking before lysis, extensively sonicated the lysates to shear long RNAs into 200-to 300-nt fragments (thereby increasing their ability to be mapped) and performed a denaturing anti-Flag IP and then a native anti-Stau1 IP (CROSS libraries; Fig. 1e ).
Stau1 associates with translating ribosomes
In contrast to our previous exon junction complex (EJC) RIPiT libraries 24 , all Stau1 FOOT libraries (WT and mut) were dominated by rRNA-mapping reads (14-30% versus 74-83%, respectively; Supplementary Fig. 2) . Further, despite attempts to specifically deplete rRNA fragments during CROSS-library preparation, WT and mut CROSS libraries also contained abundant rRNA-mapping reads (Supplementary Fig. 2 ). These findings are consistent with a previous report that Stau1 cosediments with 60S ribosomal subunits via interactions independent of the functionality of dsRBDs 3 and 4 (ref. 2) .
To further investigate this ribosome association, we performed sucrose sedimentation in the presence of inhibitors that either block elongation (cycloheximide) or initiation (harringtonine) (Supplementary Fig. 3a) . In the presence of cycloheximide, both endogenous Stau1 and Flag-Stau1-WT cosedimented with 60S subunits, 80S monosomes and polysomes, with very little Stau1 observable in ribosome-free fractions at the top of the gradient. However, when lysates were treated with RNase before sedimentation, ~60% of Stau1 sedimented at the top of the gradient, with the remainder cosedimenting with 60S and 80S ribosomes (Supplementary Fig. 3a) . This suggests that dsRBP-independent interactions with the ribosome are not the sole factor driving Stau1 polysome association. Finally, when translation initiation was blocked with harringtonine and elongating ribosomes allowed to complete translation (i.e., run off the mRNAs) before cell lysis, Stau1 sedimentation mirrored that of RPL26, an integral 60S protein. Both Stau1 and RPL26 rapidly shifted from heavy polysomal to 80S ribosome fractions upon inhibition of translation initiation ( Supplementary Fig. 3b ), suggesting that Stau1 associates with actively translating ribosomes.
Consistently with our ribosome-association data, approximately half of mRNA-mapping WT and mut CROSS reads (49% and 54%, respectively) mapped to coding exons (CDS regions; Fig. 1c-e) . To test whether these CDS-mapping reads were due to Stau1 association with translating ribosomes, we compared their density to the density of ribosome footprints (ribo-seq; Fig. 1f ). For both Stau1-WT ( Fig. 1f ; Spearman correlation = 0.89) and Stau1-mut (data not shown), CROSS read density strongly correlated with ribosome density in CDS regions. This correlation held for the entire gene population, thus suggesting that Stau1 generally associates with elongating ribosomes.
In sum, our data indicate that Stau1 is generally associated with the 60S ribosomal subunit, both on and off mRNA. Further, this ribosome association does not require dsRBD functionality but is partially dependent on RNA integrity. Last, Stau1 appears to associate with actively translating, not stalled, ribosomes.
Stau1 binds paired Alu elements in 3′ UTRs
Whereas WT and mut libraries were quite similar in their rRNA content, they were quite different with regard to Alu repeatmapping reads. Alu repeats are ~300-nt primate-specific mobile elements in the short interspersed nuclear element family; the human genome contains ~1 million Alu elements, primarily in intergenic regions, introns and 3′ UTRs. Reads mapping to Alu repeats constituted 42% and 28% of non-rRNA-mapping reads in WT FOOT and CROSS libraries, respectively, but only 19% and 14% in the corresponding mut libraries (Supplementary Fig. 2 ). Greater Alu enrichment in WT libraries suggested that their interaction depended on Stau1's ability to bind dsRNA. Consistently with this, WT CROSS reads were often highly enriched over and adjacent to closely spaced Alu pairs likely to form dsRNA secondary structures. We detected such Alu-pair Stau1-binding sites on only two large A r t i c l e s intergenic noncoding RNAs (NR_026757 and NR_026999) and minimally in introns (Supplementary Fig. 4) . Conversely, they were highly enriched in 3′ UTRs ( Fig. 2a and Supplementary Fig. 4 ) and in select 'intergenic' regions immediately 3′ to annotated 3′ UTRs (Fig. 2b and Supplementary Fig. 4 ). Polyadenylation-site sequencing (PAS-seq) revealed the intergenic regions to represent strongly distal 3′ UTRs 25 (Fig. 2b) . Overall, we detected 515 strongly distal 3′ UTRs enriched for Stau1-WT CROSS reads (Supplementary Table 1 ), most of which contained multiple Alu pairs.
To identify those 3′ UTRs most enriched for dsRBD-dependent Stau1 binding, we called peaks in the WT CROSS libraries by using ASPeak (an expression-sensitive peak-calling algorithm 26 ). We then compared, for each gene, the cumulative read counts under peak positions in the WT and mut CROSS libraries (Fig. 2c,d) . Overall, the data sets were highly correlated (r = 0.83). Nonetheless, an outlier population (n = 574; Supplementary Table 2) exhibited much higher cross-linking (by a factor of 2.7) in WT than in mut (Fig. 2c,d) ; these outliers constitute a set of high-confidence 3′ UTRs displaying dsRNA-dependent Stau1 binding.
We next investigated the structural features of these targets. To identify those containing Alu pairs, we wrote an algorithm to identify, transcriptome wide, pairs of full-length Alu elements in the same (tandem) or opposite (inverted) orientation. Overlaying the inter-Alu distance for tandem Alu pairs on the WT versus mut CROSS scatter plot (Fig. 2c ) revealed no specific relationship between tandem pairs and Stau1 cross-linking. However, the inverted Alu-pair overlay revealed a striking coincidence with the above outlier population (Fig. 2d) . Further, inverted Alu elements separated by the least distance were the most outlying (Fig. 2d) .
We confirmed the inverse relationship between dsRBD-dependent Stau1 cross-linking efficiency and inverted-pair inter-Alu distance in composite plots ( Fig. 3a and Supplementary Fig. 5 ). We found similar, but less striking, results for inverted pairs containing partial Alu elements and for inverted pairs in introns and strongly distal 3′ UTRs (Supplementary Fig. 5a ). As expected, we observed no specific mapping of WT reads on tandem Alu pairs or mapping of mut reads on Alu pairs in either orientation (Fig. 3a) . The inverse correlation between Stau1-WT cross-linking efficiency and 0 1
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A r t i c l e s inverted-pair inter-Alu distance is consistent with the expectation that secondary-structure formation should inversely correlate with pairing-partner distance.
Because intact Alu elements are ~300 nt, inverted pairs containing full-length Alu elements could potentially form very long helices. However, individual elements in pairs exhibiting the highest WT crosslinking signal were often from different Alu families unlikely to be fully complementary. Consistently with this, in silico folding of an inverted Alu pair exhibiting one of the strongest Stau1-WT occupancies suggests the presence of many short helices interrupted by small loops (Fig. 3b) . To assess the generalizability of this, we folded in silico all-full-length, 3′-UTR inverted Alu pairs highly enriched for Stau1-WT cross-linking and compared them to 3′-UTR sequences of similar length randomly chosen from nontarget genes. Histograms of predicted helix and loop lengths (Fig. 3c,d ) revealed that Stau1-interacting Alu pairs tend to form structures with multiple helices containing <30 interrupted base pairs, spaced by 2-to 10-nt loops. Conversely, nontarget 3′ UTRs were predicted to have significantly shorter paired stretches (Wilcoxon rank-sum test, P = 0.04) interrupted by longer loops (Wilcoxon rank-sum test, P = 6 × 10 −5 ).
Non-Alu 3′-UTR targets
Among the outlier population in Figure 2d , 201 of 574 contained clearly identifiable inverted Alu pairs (Alu targets), and 373 of 574 did not (non-Alu targets; Supplementary Table 2) . Many of these non-Alu targets had clearly defined WT footprints in regions with high base-pairing probability (Fig. 4) . A few contained a single strong footprint corresponding to a short stem-loop structure (Fig. 4a) ; others resembled inverted Alu pairs with many consecutive helices separated by short loops (Fig. 4b) . The largest set, however, consisted of complex structures covering a few hundred nucleotides within which Stau1 footprints could be observed on multiple 7-to 40-bp helices (Fig. 4c,d) . WT footprints were also present on the Arf1 3′ UTR, for which the precise Stau1-binding site was previously mapped by mutagenesis (Supplementary Fig. 6a ) 20 .
Comparison of FOOT and CROSS reads mapping to individual 3′ UTRs revealed that CROSS reads generally extended over much more of the 3′ UTR than did FOOT reads (for example, Fig. 4c ). We could even observe extensive CROSS read coverage for many 3′ UTRs having no detectable footprints (Supplementary Fig. 6b ).
Greater abundance of such CROSS reads in WT libraries than in mut libraries indicated that they depended on Stau1's ability to bind dsRNA. This suggested that the kinetically stable Stau1-binding sites revealed by native footprinting represent only a small subset of RNA-interaction sites occurring within cells. Supporting the notion of many low-affinity Stau1-interaction sites in vivo, we observed a strong correlation (r = 0.63, P < 2.2 × 10 −16 ) over all expressed genes between average per-nucleotide predicted secondarystructure strength (∆G of the minimum free-energy structure/3′-UTR length) and the ratio of total WT/mut CROSS reads per 3′ UTR (Fig. 5a) . We observed a similarly strong correlation (r = 0.55, P < 2.2 × 10 −16 ) between this ratio and 3′-UTR GC content in all expressed genes (Fig. 5b) .
We conclude that some Stau1-binding sites in 3′ UTRs consist of highly defined structures containing multiple short helices
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A r t i c l e s to which Stau1 binding is kinetically stable. Other binding sites, however, are more kinetically labile, and the extent of Stau1 occupancy on these sites is a function of overall 3′-UTR secondary structure-forming propensity, often driven by high GC content.
dsRBD-dependent binding of Stau1 to CDS regions
As previously discussed, both WT and mut CROSS reads mirrored ribosome density across CDS regions transcriptome wide (Fig. 1f) . WT and mut reads were also similarly distributed relative to start and stop codons (Fig. 1e) . In contrast to the general population, however, our 373 non-Alu 3′-UTR target genes had significantly greater CROSS reads in CDS regions for WT than for mut (Fig. 6a) . This strong relationship between 3′ UTR and CDS WT/mut cross-linking initially suggested to us that dsRBD-dependent Stau1 binding within the 3′ UTR increases its association with CDS-bound ribosomes. Consistently with this, the correlation between preferential WT crosslinking in 3′-UTR and CDS regions held true for the entire mRNA population ( Fig. 6b ; r = 0.61, P < 2.2 × 10 −16 ), with our identified 3′-UTR target genes simply being strongly skewed toward the higher end of both ratios. However, we also found that predicted per-nucleotide secondary structure-forming propensity and GC content were strongly correlated (r = 0.55 and 0.73, respectively, P < 2.2 × 10 −16 ) between the 3′-UTR and CDS regions of individual genes (Fig. 6c,d) ; that is, the genes with high 3′-UTR secondary structure-forming propensity and GC content also tend to have high CDS secondary npg A r t i c l e s structure-forming propensity and GC content. Consistently with this, preferential WT cross-linking in CDS regions strongly correlated with both predicted CDS secondary structure and GC content ( Fig. 6d and e, r = 0.62 and 0.65, respectively, P < 2.2 × 10 −16 ) and the 5′ UTR (r = 0.2; data not shown). These analyses suggest that enhanced Stau1-WT binding within CDS regions is primarily driven by GC content and secondary structure-forming propensity of the CDS itself, rather than by interactions of 3′ UTR-bound Stau1 with CDS-bound ribosomes.
From the above data, we conclude that Stau1 interacts to varying extents with the CDS and 3′-UTR regions of all cellular mRNAs in a manner dependent on their secondary structure-forming propensities. Further, the observed correlation between dsRBD-dependent Stau1 occupancy in CDS and 3′-UTR regions mainly reflects similar GC content between the CDS and 3′ UTR in individual genes rather than any direct effect of 3′-UTR binding on CDS binding. Instead, Stau1-WT occupancy on CDS regions appears to be driven by a combination of direct interactions with CDS secondary structures and its dsRBD-independent association with actively translating ribosomes.
Gene ontology analysis
To assess whether any particular gene classes were specifically enriched for dsRBD-dependent Stau1 binding, we performed gene ontology analysis using GeneCodis [27] [28] [29] (Supplementary Table 3) . We obtained the most significant associations for the 469 genes having the highest WT/mut CDS cross-linking ratios (>1.9) and the 515 genes exhibiting high WT cross-linking to strongly distal 3′ UTRs. Both sets were highly enriched in transcription-regulatory proteins (P = 7.1 × 10 −13 and P = 1.1 × 10 −13 , respectively). Among transcriptionfactor types, C2H2 zinc-finger proteins were the most enriched (P = 4.5 × 10 −6 ), with homeobox and high-mobility group (HMG) proteins following close behind (P = 1.3 × 10 −5 and 6.9 × 10 −5 , respectively). Consistently with the strong correlation between Stau1 CDS and 3′-UTR occupancy, transcription-regulatory proteins were also highly enriched among our 373 non-Alu 3′-UTR targets (P = 6.9 × 10 −7 ). Thus Stau1 may have a role in post-transcriptional regulation of transcription factors. Also enriched in the non-Alu and extended 3′-UTR targets (P = 0.001 and P = 5.0 × 10 −5 , respectively), but not in the 469 high CDS targets, were proteins involved in cell-cycle control.
Functional consequences of varying Stau1 protein levels
To directly test the functional consequences of Stau1 binding, we next varied intracellular Stau1 concentration (Fig. 7a,b) . Transduction of HEK293 FLP-in cells with a lentivirus expressing an anti-Stau1 short hairpin RNA (shRNA) stably reduced endogenous Stau1 to ~20% normal levels (UNDER, Fig. 7a) . Incubation of our stably integrated Flag-Stau1-WT cells overnight (16 h) with a high level of doxycycline induced transgene overexpression by 300-400% relative to endogenous Stau1 (OVER). We then assessed effects of Stau1 depletion or overexpression by preparing cytoplasmic poly(A) + RNA-seq and ribo-seq libraries.
RNA-seq and ribo-seq read counts on individual genes were highly correlated both between biological replicates (r ≥ 0.98; E.P.R., unpublished data) and between UNDER and OVER samples (r ≥ 0.98; Supplementary Fig. 7 ). Other than STAU1 itself, there were no clear outlier genes between UNDER and OVER conditions for either npg A r t i c l e s RNA-seq or ribo-seq. Further, no significant changes in alternativesplicing patterns could be detected (data not shown); thus, at least in HEK cells, binding of Stau1 in introns is of little apparent consequence for pre-mRNA splicing. However, small negative correlations between RNA levels and Stau1 levels could be detected when we ordered transcripts by CDS GC content or preferential Stau1-WT CDS cross-linking (Fig. 7c,d) . That is, transcripts with high CDS GC content (which drives greater Stau1-WT CDS binding) exhibited slightly lower cytoplasmic mRNA abundances when Stau1 was overexpressed than underexpressed. The strongest observable effect of varying Stau1 concentration was on ribosome occupancy. Cumulative histograms revealed positive relationships between ribosome occupancy and both Stau1-WT CDS cross-linking and CDS GC content across the entire transcriptome ( Fig. 7c,d ; Spearman correlation r = 0.21 and r = 0.34, respectively, P < 2.2 × 10 −16 ). That is, genes with higher Stau1 CDS occupancy and higher CDS GC content exhibited increased ribosome occupancy upon Stau1 overexpression compared to Stau1 knockdown; conversely, genes with lower Stau1 CDS occupancy and CDS GC content exhibited decreased ribosome occupancy upon Stau1 overexpression compared to Stau1 knockdown. This suggests that higher Stau1 protein levels increase ribosome occupancy on high-GC-content transcripts at the expense of low-GC-content transcripts. Ontology analysis of the 400 genes exhibiting the greatest increase in ribosome occupancy between UNDER and OVER conditions revealed significant enrichments for transcription-regulatory proteins (P = 0.004) and zinc-binding proteins (P = 1.1 × 10 −6 ; Supplementary Table 3), the same terms obtained above for genes exhibiting the highest CDS and extended 3′-UTR Stau1 occupancies.
Although we observed the strongest effects of varying Stau1 protein levels for genes with high Stau1 CDS occupancy, we also examined the effects of Stau1 over-and underexpression on our 3′-UTR nonAlu and Alu target sets. Ribosome occupancy increased slightly on non-Alu 3′-UTR targets (10% change from UNDER to OVER; P = 0.00005) when compared to the total population, whereas their mRNA levels decreased slightly (−2% change from UNDER to OVER; P = 0.01). Thus, non-Alu targets behaved like high-GC-content mRNAs. Conversely, Alu targets exhibited no significant change in ribosome occupancy, but their cytoplasmic mRNA levels increased upon Stau1 upregulation (+8% change from UNDER to OVER; P = 0.03; Fig. 7e) . Therefore, mRNAs containing 3′-UTR inverted Alu pairs behave differently from other cellular mRNAs in response to Stau1 abundance. For the strongly distal 3′-UTR Stau1-binding sites, we detected no significant effect of Stau1 expression on either mRNA levels or ribosome occupancy (E.P.R., unpublished data), possibly because such isoforms represent only a minor fraction of transcripts from individual loci.
To confirm that changes in Stau1 levels are of little consequence for levels of mRNAs with 3′ UTR-binding sites, we performed quantitative reverse-transcription PCR (qRT-PCR) on several Alu and nonAlu 3′-UTR target mRNAs including Arf1, a previously identified SMD target (Supplementary Fig. 8 ). Consistently with our RNA-seq results, neither downregulation nor overexpression of Stau1 had a significant impact on the abundance of tested targets ( Supplementary  Fig. 8a ). Experiments performed in two other cell lines (Huh7 and SK-Hep1) in which either Stau1 or Stau2 or both were downregulated yielded similar results (Supplementary Fig. 8b,c) .
Taken together, our results indicate that Stau1 binding to the CDS results in increased ribosome occupancy and in decreased mRNA levels proportionate to both the amount of bound Stau1 and the GC content of the target mRNA. Further, at least in the cell lines we tested, Stau1 binding within the 3′ UTR appears to be of little or no consequence for translation efficiency or steady-state mRNA levels.
DISCUSSION
Like many RNA-binding factors, the Drosophila and mammalian Staufen proteins have been implicated in multiple post-transcriptional processes including alternative splicing 13 , RNA localization 4, 6, [30] [31] [32] , translational activation 7 and translation-dependent mRNA decay [8] [9] [10] [11] 14, 20, 33, 34 . Which activity is observed depends on the cellular context, the identity of the bound RNA and the location of the binding site on the target RNA. Many of Staufen's previously documented activities parallel those of the EJC [7] [8] [9] [10] [11] 19, 20, 33, [35] [36] [37] [38] . To better understand EJC function, we recently determined the complete EJC RNA-binding landscape in HEK293 cells 24 . Here we undertook the same analysis for Stau1.
Up to now, confirmed Staufen-binding sites were limited to a few well-characterized structures 19, 20 . Broader identification of Staufenassociated mRNAs has been attempted in various organisms by combination of native RIP protocols with microarray analyses [15] [16] [17] [18] . Unfortunately, however, such methodologies have yielded no consensus as to general features of Staufen targets. One recent study of Staufen-associated mRNAs from Drosophila oocytes reported enrichment of three different secondary-structural motifs that might explain Staufen binding specificity in flies 16 . However, the authors were unable to identify similar structural motifs among human Staufen-associated mRNAs from available native mammalian Stau1 and Stau2 RIP microarray data 15 . We show here that human Stau1 generally associates with actively translating ribosomes; therefore, it is impossible to discriminate between sites of direct Stau1-mRNA interaction via dsRNA binding and sites of indirect Stau1-mRNA association via elongating ribosomes without some sort of footprinting approach. Further, because of (i) Stau1's strong ribosome association, (ii) the prevalence of kinetically labile Stau1-binding sites in vivo and (iii) Stau1's ability to form new interactions with dsRNA after cell lysis, native RIP experiments are likely to be biased toward both highly translated mRNAs and RNAs containing the most stable sites of direct Stau1-dsRNA interaction. Our experimental design, which combined formaldehyde cross-linking and fragmentation of Stau1-associated RNAs, using both WT and mut proteins, allowed us to both avoid binding-site reassortment after cell lysis and discriminate between binding modes that do or do not require Stau1 dsRBD functionality.
The majority of non-rRNA reads in our cross-linked libraries mapped sense to 3′ UTRs and CDS regions. Within 3′ UTRs, we identified numerous high-occupancy Stau1-binding sites composed of either inverted Alu pairs (Alu targets) or sequences with extremely high secondary structure-forming propensity (non-Alu targets). Observable native Stau1 footprints showed that these structures often consist of several closely spaced helices separated by short loops. Bioinformatics analysis of the footprints, however, failed to identify any particular enriched motif (A.K. and E.P.R., unpublished data), results consistent with the idea that Staufen recognizes dsRNA in a sequence-independent manner [39] [40] [41] .
Unexpectedly, in addition to detecting strong binding to large RNA secondary structures, we also detected extensive dsRBD-dependent Stau1 cross-linking extending throughout the entire length of 3′ UTRs and CDS regions. This cross-linking strongly correlated with both GC content and per-nucleotide predicted secondary-structure strength. Because GC content in CDS and 3′-UTR regions also correlate, mRNAs exhibiting preferential Stau1-WT 3′-UTR cross-linking also tend to exhibit preferential Stau1-WT CDS cross-linking. Inverted Alu pairs, the 3′ UTRs containing them and their associated CDS regions, npg A r t i c l e s however, exhibit average GC content. Despite high Stau1 occupancy on such 3′ UTRs, their CDS occupancies are close to levels that would be expected from their GC content alone. We therefore conclude that the strongest feature driving dsRBD-dependent Stau1 binding within CDS regions is the secondary structure-forming propensity of the CDS itself. Thus dsRBD-dependent Stau1 binding to 3′ UTRs appears to be functionally uncoupled from dsRBD-dependent Stau1 binding to CDS regions, with the correlation between 3′ UTR and CDS crosslinking driven primarily by GC-content similarity.
Our results suggest that endogenous Stau1 RNA targets can be divided into two broad classes dependent on their structural topology. One class corresponds to stable RNA secondary structures such as inverted Alu pairs and other sequences with extremely high secondary structure-forming propensity. Such elements are capable of simultaneously binding multiple Staufen molecules whose association may be further stabilized by multimerization. Close association of multiple Staufen-binding sites would assure continuous Staufen occupancy even though individual protein molecules might come and go. It is of note that we generally detected such binding sites in annotated 3′ UTRs and extended 3′ UTRs, the latter being particularly rich in inverted Alu pairs. Recently, extended 3′ UTRs were shown to be especially prevalent in the brain. Because Stau1 is known to have a role in dendritic mRNA targeting, these stable RNA secondary structures with their long-lived Stau1 associations could well be the functional binding sites through which Stau1 promotes proper subcellular mRNA localization in neurons.
The second class consists of smaller and more labile secondary structures as might occur in GC-rich CDS regions. Here our data indicate that transient Stau1 binding, perhaps by Stau1 molecules simultaneously interacting with elongating ribosomes, has a role in regulating translation. We arrived at this conclusion by analyzing cytoplasmic poly(A) + RNA-seq and ribo-seq data from cells under-and overexpressing Stau1. This allowed us to assess the effects of varying intracellular Stau1 concentration on both cytoplasmic mRNA levels and ribosome occupancy. Observable changes in mRNA levels were extremely subtle. Consistently with recent data indicating that Stau1 binding to mRNAs containing inverted Alu elements enhances their nucleocytoplasmic export 42 , we did observe a small positive effect of increasing Stau1 on cytoplasmic mRNA levels for our 3′-UTR Alu targets. Conversely, for all other sets of mRNAs exhibiting preferential Stau1-WT cross-linking, Stau1 levels negatively influenced cytoplasmic mRNA levels proportionately to CDS Stau1 occupancy but not to 3′-UTR occupancy. Thus we could find little evidence for SMD driven by 3′ UTRbound Stau1, either over the entire mRNA population or for previously identified SMD targets. Instead, higher Stau1 levels led to a preferential increase in ribosome density on high-GC-content mRNAs.
We propose a model (Fig. 8) based on these findings, wherein ribosome-bound Stau1 molecules transiently interact with short dsRNA helices throughout the CDS and 3′ UTR. In the CDS, such interactions somehow serve to increase ribosome density. Because Stau1 interacts with actively translating ribosomes, the increase in ribosome density may reflect increased translation efficiency. One possibility is that Stau1 helps ribosomes elongate through otherwise inhibitory secondary structures by recruiting factors such as RNA helicase A (RHA or DHX9) to disrupt them. RHA is a positive regulator of translation on mRNAs containing 5′-UTR secondary structures 43 and is known to copurify with Stau1 (ref. 44 and E.P.R., unpublished data). Another abundant translational-regulatory protein that binds ribosomes and cross-links throughout CDS regions is the fragile X protein, FMRP 45 . FMRP, however, is a negative regulator of translation. Whereas deletion of either FMRP or Stau1 causes neurological defects, the phenotypes are opposite: absence of FMRP leads to dendritic spine overgrowth 46 , whereas absence of Stau1 results in fewer spines 14 . Thus it is possible that FMRP and Stau1 have opposing roles in synaptic protein production, with FMRP inhibiting translation and Stau1 promoting it.
Finally, mRNAs encoding transcription-regulatory proteins were recently reported as being enriched in Drosophila Staufen RIP samples 16 . Consistently with this, we found that mRNAs encoding transcription factors of the C2H2 zinc-finger, HMG and homeobox families were highly enriched among mRNAs exhibiting the highest preferential 3′-UTR and CDS Stau1-WT occupancy. Transcription factors and zinc-binding proteins were also highly enriched among the mRNAs whose ribosome density was most positively affected by Stau1 protein levels. Thus Stau1 may have a previously unrecognized role in the translational regulation of transcription-regulatory proteins.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. High-throughput sequencing data corresponding to native and cross-linked Stau1 RIPiT experiments as well as PAS-seq, RNA-seq and ribo-seq have been deposited in the GEO database under accession number GSE52447. 
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